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Characterization of the relA Gene of Porphyromonas gingivalis
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Based upon the nucleotide sequence of the rel4 gene from Escherichia coli, a gene fragment corresponding
to the homologous gene from the pathogenic oral bacterium Porphyromonas gingivalis 381 was isolated by PCR
and utilized to construct a rel4 mutant. The mutant, KS7, was defective in ribosome-mediated ppGpp forma-

tion and also in the stringent response.

Porphyromonas gingivalis is a black-pigmented, gram-nega-
tive bacterium which has been strongly implicated in chronic
destructive periodontitis (19). Several potential virulence fac-
tors of these organisms have been characterized, including
fimbriae (10). The fimbriae of P. gingivalis mediate oral colo-
nization by serving as an adhesin for attachment to saliva-
coated tooth surfaces, antecedent gram-positive bacteria, and
host cells (3, 4, 11). Mutants defective in the major fimbrial
subunit, FimA, have also been demonstrated to be less virulent
in a rat model system (14).

Although environmental factors have been shown to alter
the expression of the fimA gene in P. gingivalis (2), the molec-
ular basis for such modulation has not yet been determined.
Therefore, this investigation was initiated to examine the po-
tential role of a growth-related regulatory mechanism, the
stringent response, on virulence gene expression in these or-
ganisms. Bacteria undergoing nutritional stress, such as amino
acid deprivation, synthesize ppGpp and pppGpp as part of a
phenomenon termed the stringent response (7). These nucle-
otides have been shown to play a role in growth phase-regu-
lated gene expression either directly or indirectly (9). There-
fore, it was of interest to determine if the stringent response
plays a role in regulating the expression of important virulence
factors in P. gingivalis.

Construction of a P. gingivalis relA mutant. In order to
examine the role of the stringent response in modulating the
physiology of P. gingivalis, a strategy was utilized to construct a
relA mutant of these organisms. The incomplete P. gingivalis
W83 genome sequence database of The Institute for Genomic
Research was searched with the BLAST program (1) using the
Escherichia coli relA gene for comparison, and two open read-
ing frames (ORFs) with significant homologies were identified.
ORF1 on fragment 155 showed 29% identity and 40% amino
acid similarity with the E. coli RelA over 767 amino acids,
while ORF2 on fragment 40 revealed 28% identity and 41%
similarity over 781 amino acids. A domain characteristic of
SpoT enzymes (5) was also present in ORF2. Both ORFs
exhibited several of the conserved regions found in rel4 genes
of different bacteria (15, 16) (Fig. 1). This observation was not
unexpected, as several gram-negative bacteria contain two
genes, relA and spoT, which are homologous and can each
synthesize ppGpp (18). To amplify an internal fragment from
ORF1, the primers 5'-AAGAAGTACGCAGTCTG-CTG-3’
(F1) and 5'-GTTGTCGATAACCAATACGT-3" (R1) were
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synthesized; a pair, F2 and R2, for amplifying a fragment from
ORF?2 were also constructed. Standard PCR conditions were
utilized for each amplification. The 1.7-kb PCR product from
ORF1 was digested with Bg/II to generate an 862-bp fragment,
which was inserted into the BamHI site of the suicide plasmid
pKDCMZ (17), yielding plasmid pKS7. Plasmid pKS7 was
transformed into E. coli HB101 containing the helper plasmid
R751. This strain was then mated with P. gingivalis 381 as
previously described (13), and the transconjugants were se-
lected on Trypticase soy broth agar plates containing both
gentamicin (50 pwg/ml) and erythromycin (10 pg/ml). Southern
blot analysis (Fig. 2A) confirmed that 2 of 12 transconjugants
examined had undergone the predicted single crossover re-
combination event. When digested with HindIII, the DNA of
the transconjugants displayed two additional bands of 534 bp
and 4.162 kbp (Fig. 2B, lanes 2 and 3; sizes determined from
the P. gingivalis W83 genome database). The identity of the
latter band was not clear, as a similar-size band was also pro-
duced in parental strain 381. This band most likely arose from
one of the flanking regions which was recognized by the probe
and masked the similar-size fragment from the transconju-
gants. The chromosomal DNA from one of the transconju-
gants, KS7, was therefore digested with a second restriction
enzyme, Pstl. Digestion with this enzyme should give rise to
two bands of 695 bp and 8.667 kbp if a single crossover event
had occurred (Fig. 2A). Two positive bands corresponding to
the predicted sizes were observed in the transconjugant (Fig.
2B, lane 2) but not for the wild-type strain (Fig. 2B, lane 1),
confirming that ORF1 had been disrupted. However, none of
the transconjugants resulting from the use of the ORF2 am-
plicon yielded insertions in ORF2, and they were not further
analyzed. It should be noted that attempts to inactivate the
spoT gene in wild-type E. coli have also been unsuccessful (20).

Properties of mutant KS7. In order to determine if ORF1 is
the relA homolog in P. gingivalis, the RelA activity of mutant
KS7 was directly determined. Ribosomes were prepared from
E. coli or P. gingivalis cells essentially as previously described
(6). RelA activity, determined from (p)ppGpp synthesis, was
carried out as described by Krohn and Wagner (12). Routinely,
50-pl reaction mixtures contained an amount of ribosomes
equivalent to an optical density at 260 nm of 3.0, 2.0 mM ATP,
and 1.3 mM GTP. Either [y-**P]ATP or [y->*P]GTP (3.0 n.Ci)
was used to label the ppGpp and pppGpp. The P. gingivalis
ribosome mixtures also contained 2.0 mM dithiothreitol. The
reactions were carried out at 30°C for E. coli ribosomes for 1 h,
or at 37°C for 4 h anaerobically for the P. gingivalis ribosomes.
After precipitation of the proteins with formic acid the super-
natant fluids were analyzed by thin-layer chromatography with
polyethylene cellulose plates (EM Sciences, Gibbstown, N.J.).
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APDRQLVKKV RSLLSRFTEL

PgORF1 MTIHDNTLFS ADERSRFLSS YASLIRTL..

PgORF2 DIETENKGAI SEEEALIORE YSLLIQDYLN SNHRRKVEKI DKAFHLAKDA
EcrelA .. .MVAV RSAHINKAGE FDPEKWIASL GITSQKSCEC .LAETWAYCL
EcspoT ..MYL FESLNQLIQT YLPEDQIKRL RQAYLVARDA

F1 120
PgORF1 GCFDRDKNGM HGLLRNMEVA RIASCEIGLG IEAIGALLFY RPAMKGLTRP EEIAELMGED
PgORF2 HAGAKRRSGE PYILHPIAVA RIVCQEIGLG STSICCALLH DVVEDTEYTV EDMRDMEFGDK
EcrelA QQTQGHPDAS LLLWRGVEMV E1LS.TLSMD IDTLRAALLF PLADANVVSE DVLRESVGKS
EcspoT HEGQTRSSGE PYITHPVAVA CILA.EMKLD YETLMAALLH DVIEDTPATY QDMEQLFiiKS

180
PgORF1 VARLIDLLLK TSEI...... . YMRNTAINT ANFEHFLLSI AEDIRVVLLI IADRSYLLRQ
PgORF2 VAQIVDGLTK ISGE...... .VFSNSSAQA ENFRKLILTM NDDIRVILIK IADRLHNMRT
EcrelA VVNLIHGVRD MAAIRQLKAT HTDSVSSEQV DNVRRMLLAM VDDFRCVVIK LAERIAHLRE
EcspoT VAELVEGVSK LDKLK..... .FRDKKEAQA ENFRKMIMAM VQDIRVILIK LADRTHNMRT
240

PgORF1 AKDMVCAEER TALAAEVSYL YAPLAHRLGL YAIKSEMEDL CLKYTDRQTF DFIKRKLGET
PgORF2 LDSMLPAKQ. MKIAGETQYV YAPLAHRLGL FAIKSELEDL SFKYEHPQEY EAIKEKIRIT
EcrelA VKD.APEDER VLAAKECTNI YAPLANRLGI GQLKWELEDY CFRYLHPTEY KRIAKLLHER
EcspoT LGS.LRPDKR RRIARETLEI YSPLAHRLGI HHIKTELEEL GFEALYPNRY RVIKEVVKAA

300
PgORF1 KRSRDAYIEA FIAPLRRRLD EALPNIPYEM KGRTKSINSI RNKLRQQGIE FESIYDLFAI
PgORF2 EQHRLEMFEH FAAPLKQRF. .AGMDMSYEM KARVKSVYSI WKKMEKKGVP FEEIYDLFAV
EcrelA RLDREHYIEE FVGHLRAEMK AEG..VKAEV YGRPKHIYSI WRKMOKKNLA FDELFDVRAV
EcspoT RGNRKEMIQK ILSEIEGRLQ EAG..IPCRV SGREKHLYSI YCKMVLKEQR FHSIMDIYAF

360
PgORF1 RIILD.VPVK DEKAACWHVY SIITDMYQPN PQRMKDWISI PKSNGYESLH VTVMGPONRW
PgORF2 RIIFESSPTI PDKNRCWEIY SAITDIYRNR PDRIRDWVSN PKSNGYQALH LTVMGPDGEW

EcrelA RIVAERLQOD. ..... CYAAL GIVHTHYRHL PDEKDDYVAN PKPNGYQSIH TVVLGPGGKT
EcspoT RVIVNDSDT. ..... CYRVL GQMHSLYKPR PGRVKDYIAI PKANGYQSLH TSMIGPHGVP
420

PgORF1 VEVQIRSRRM DEVAERGLAA HWKYK.G..I KSESGLDEFL TSVRETLEAR DHSSDDSAET
PgORF2 VEVQIRSRRM DDIAEKGFAA HWKYK.GDNV EEDSELEKWL STIQEILENP NPNALDFLDT
EcrelA VEIQIRTKQM HEDAELGVAA HWKYKEGAAA GGARSGHEDR IAWLRKLIAW QEEMADSGEM
EcspoT VEVQIRTEDM DQMAEMGVAA HWAYKEHGET STTAQIRAQR ..WMQSLLEL QQSAGSSFEF

R2 480
PgORF1 VKNFKMNLFT DEIYAFTPTG ELIKLPQGAS VLDFAFAIHS RIGCQAVGAN VNGKNVPLKH
PgORF2 I...KLNLFS NEVMVFTPKG EIKRLPQGAT ALDFAYSLHS DLGDHCIGAK VNHKLVPLSY
EcrelA LDEVRSQVFD DRVYVFTPKG DVVDLPAGST PLDFAYHIHS DVGHRCIGAK IGGRIVPFTY
EcspoT IESVKSDLFP DEIYVFTPEG RIVELPAGAT PVDFAYAVHT DIGHACVGAR VDROPYPLSQ

540
PgORF1l KLENGDSVSI ITSAQQTPKK DWLS....YV VSSKARNKIK QQLR.LQMES SIGVVKELLN
PgORF2 VLNSGDQVEV LSSKSQQPTE EWLR....YV TTARAKSKVD TFLR.RKRRE LINRGEERVV
EcrelA QLOMGDQIEI ITQKQPNPSR DWLNPNLGYV TTSRGRSKIH AWFRKQDRDK NILAGRQILD
EcspoT PLTSGQTVEI ITAPGARPNA AWLN....FV VSSKARAKIR QLLKNLKRDD SVSLGRRLLN

600
PgORF1 RRLKNRKLP. .FEEAVFTRV VRRKGFKHLT DFYMEIAADR LDVQEVLEL. . YSHELE
PgORF2 SVIRTSESM. .VSAELLDRI AAYFGFLNRE TEFFYAVGTGT VSLPESFKKL LQGEHSGNFL
EcrelA DEL...EHLG ISLKEAEKHL LPRYNFNDVD ELLAAIGGGD IRLNQMVNEL QSQFNKPSAE
EcspoT HALGGSRKLN EIPQENIQRE LDRMKLATLD DLLAEIGLGN .......... ....uonann

660
PgORF1 EEQRRDAGSG AARRSADTEV AHPPKEEEIV KGGKSDVLVI DNNMTGVEYS FGKCCNPIYG
PgORF2 MRAIRSALKA GKSNKTSSPS GKPAEKEDKK AYNTKKTYIL QEDEFSRNYQ IAECCKPIPG
EcrelA EQDAAALKQL QQKSYTPONR SK.. .DNGRVV VEGVGNLMHH IARCCQPIPG
EcspoT AMSVVVAKNL QHGDASIPPA TQ.. .SHGHLP IKGADGVLIT FAKCCPPIPG

651 RI1 720
PgORF1 DSVFGFVSNS G.IKIHRTDC PNAPDMFSRY GYRIIEARWS GKGSTGYEAT LHVIGODNLA
PgORF2 DDAFGFINDD NTVVVHKRSC PIAMRLKSSE GNRILSTEWS LHSRTSFEAK LALKGIDSTG
EcrelA DEIVGFITQG RGISVHRADC EQLAELRSHA PERIVDAVWG ESYSAGYSLV VRVVANDRSG
EcspoT DPIIAHVSPG KGLVIHHESC RNIRGYQKE. PEKFMAVEWD KETAQEFITE IKVEMENHQG

780
PgORF1 IVTNITSVI. NKEPGVSLRA YSINSKDNLEF EGVETVEVPD TSTLSILLRK IRATHGVKSA
PgORF2 ILTAVTQVI. SEDFNVGIKH IQLTAKDGIF EGQIHLLVHS SDDLLKICHQ LRONKYIQSV
EcrelA LLRDITTILA NEKVNVLGVA SRSDTKQQLA TIDMTIEIYN LOVLGRVLGK LNQVPDVIDA
EcspoT ALANLTAAIN TTTSNIQSL. NTEEKDGRVY SAFIRLTARD RVHLANIMRK IRVMPDVIKV

786
PgORF1 ERH...
PgORF2 GRIS. .
BEcrelA RRLHGS
EcspoT TRNRN.

FIG. 1. Sequence alignments of ORF1 (PgORF1), ORF2 (PgORF2), E. coli
relA (EcrelA), and E. coli spoT (EcspoT). The sequences were aligned with the
aid of the Pileup program of the Genetics Computer Group software package.
Amino acid 1 is the first amino acid of ORF2. The amino acids in bold letters are
the conserved amino acids found in at least three of the sequences. FI and RI
represent regions from the corresponding nucleotide sequence of ORF1 from
which the primers were designed to generate the 1.7-kb fragment by PCR. F2 and
R2 are the primers designed from the nucleotide sequence of ORF2.

After development with 1.5 M potassium phosphate, pH 3.4,
the plates were dried and exposed to X-ray film overnight.
Since RelA activity is associated with ribosomes while SpoT
is a cytoplasmic protein, ppGpp synthesis by the P. gingivalis
ribosomes would be a measure of RelA activity. RelA activity
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FIG. 2. Southern blot analysis of chromosomal DNA from the transconju-
gants. (A) Schematic representation of the rel4 region of KS7 and the single
crossover integration event using the suicide plasmid pKS7. (B) The chromo-
somal DNAs of strains 381 and KS7 were digested with HindIII or PstI and
subjected to agarose gel electrophoresis and Southern blot hybridization with the
relA probe (shown in panel A). Lane 1, DNA from strain 381 in each blot; lanes
2 and 3, DNA from two transconjugants which were digested with HindIII (left
blot). DNA from one of the transconjugants, KS7, was further digested with Pst1
(right blot, lane 2). Arrowheads with molecular sizes point to the positions of the
unique bands observed for the transconjugants.

was observed for the P. gingivalis ribosomes incubated anaer-
obically, since ppGpp, but not pppGpp, could be readily de-
tected (Fig. 3). It is not clear whether the absence of the latter
guanosine nucleotide indicates that this molecule is not syn-

GTP

PPGPP
PPPGPP

FIG. 3. Synthesis of phosphorylated guanosine nucleotides by purified ribo-
somes from P. gingivalis and E. coli. Ribosomes from E. coli and P. gingivalis were
isolated and incubated with GTP and ATP as described in the text. The reaction
products were subjected to thin-layer chromatography analysis. Lane 1, no ribo-
somes; lanes 2, 3, and 4, ribosomes of E. coli CF 3120, P. gingivalis 381, and P.
gingivalis KS7, respectively. The positions of the phosphorylated nucleotides are
marked.
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FIG. 4. Stringent response of P. gingivalis 381 and mutant KS7. Cells were
grown in Trypticase soy broth to the end of the logarithmic phase in the presence
of 3P0, (25 pCi/ml). The arrows indicate the time of addition of serine hydrox-
amate (1.0 mg/ml) to each of duplicate cultures. The alkali-labile, trichloroacetic
acid-precipitable radioactivity was measured as RNA, as previously described
(8). (A) Wild-type 381; (B) rel4 mutant KS7. Symbols: [, no serine hydroxam-
ate; A, serine hydroxamate. Each measurement is the average of triplicate sam-
ples.

thesized in P. gingivalis under these conditions or that the
molecule is unstable. As a positive control, ribosomes were
isolated from E. coli CF3120, which harbors a plasmid contain-
ing the E. coli relA gene (kindly provided by M. Cashel, Na-
tional Institutes of Health, Bethesda, Md.), and synthesizes
large amounts of both ppGpp and pppGpp. However, neither
ppGpp nor pppGpp was synthesized in detectable amounts by
mutant KS7 under these conditions. These results suggested
that ORF1 corresponds to the rel4 gene of P. gingivalis since
SpoT would not be ribosome associated. It is also tempting to
speculate that ORF2 detected in the present study corresponds
to the spoT gene homolog, but this proposal will require ad-
ditional investigation.

In order to further confirm that ORF1 codes for a RelA
homolog, stable RNA synthesis was compared in wild-type 381
and mutant KS7 (Fig. 4). Under amino acid-limiting conditions
induced by the addition of serine hydroxamate (8), RNA syn-
thesis was inhibited in strain 381 but not significantly in mutant
KS7. Inhibition of stable RNA synthesis by serine hydroxamate
in P. gingivalis was not as pronounced as in E. coli (8) due to
the necessity of utilizing a complex medium containing pep-
tides for the former organisms as well as their relatively slower
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growth. Nevertheless, the differences in stable RNA accumulation
in the two strains is consistent with the identification of the rel4
gene in P. gingivalis. Preliminary data further suggest that inacti-
vation of this gene also resulted in reduced fimbrial expression in
these organisms. These, as well as other phenotypic changes re-
lated to virulence, are currently under investigation.

We thank J. Hernandez for helpful advice and discussions.
This investigation was supported in part by National Institutes of
Health grant DE08293.
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